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Silicide Resistors for Integrated Circuits 

ROBERT K . WAITS 

Ab.lract_ Thln. film ... ll1or •• r. u"ful in monolithic int.g."ed 
circuilf wh.n .... r high IhMt ... ilt.nc. (p,>' 1I0.q) or r.diatlon 
h.rdn ... ar. requl.ed . Silicid. r •• I.tl ... film. ( MoSi~. C.Si". Ind 
S O-C.) d,pollted by dc Ipun.rlng ha ... been .hown to b. complltib l. 
with monolithiC ci.cull production and requl,. no prot .... tiv. 0""­
lay", SO-Cr lilm. 200-300 A thiCk have p, and t.mp ... ture co.ffici.nu 
01 ... I".n .... (TCR) rlniling f.om about 1 kn eq .nd " '50 ppm ·C 
(CrSI .) to 20 kO Iq .nd - 1400 ppm ~C (17 at % C,). MoSi , ie bait .uit.d 
for , .. lito , appllcatlone requiring 100-200 n Iq. MoSI , film ... a about 
100 A thlck" 200 n .q. compared 10 < 100 A for 200-n.q NO-C •. Ind 
thalr TCR il - 126 ppmr C. Typica l .tabllily f or unp.otactad .ilicid. 
... itlo .. In TO-6 plck'lIa. " 200' C. no load, II < ± 3 p .. cent during 
the II"t 200 h .nd < ±O.6 pa.cent during tha naxt 2000 h. Tha filme 
.. a .ubla du,lnll ,hart tarm ,.polure to h igh tamparllUre ... an-
countered du.lnll monolithic or hybrid ci,cuit caramlc package ... lIng. 

II''TROOUCTlO' 

THIS PAPER describes a silicide thm-film resistor technology 
that has been deo.·eloped to fill the need for 2()o'O sq to 
20.kO sq thm·film miston compatible \Ooith monolithic and 

h~brid mtegrated CII'CUlt production. The resistor process, film 
charactensucs, reproducibililY. life-test results. and examples of 
monolithIC circUli applicallons wlll be described. 

Why thm-film resistors" In most monolithic circuits thin-film 
resistors can bt' a\olded by using semiconductor resistors or by 
c1e\er circuit design_ Table I summari7ts the available technologies. 
One ~ whe~ thrre is no rtasonable alternative to thin-film resis­
tors IS in radlallon-hardened CircUits, SLrlCC all semiconductor resis­
tors become conductors 10 a radiation envIronment. A second 
Ilpplicalion of thm-film resis tors (at least for the time being) is in 
10\Oo-pDwer ClrcUIlS that rtqulre hlgh·value resistors. Thin films can 
provide a high sheet resistance (P.) y,hilc stili having a reasonably 
low temperature coefficient of resistance (TCR). Using 150--200-
o SQ diffused re5IStOrs in such applications takes an uneconomical 
amounl of space. In the near future high-value resistors will be 
produced economically and reproducibly by ion implanting a thin 
nor p layer in a Slhcon substrate II ). These semiconductor resistors, 
bemg about one·tenlh as thick as a d iffused resistor or comparable 
P., will have a higherdopmgconcentratlon, and thertfore a relati\'ely 
low TCR Implanted resistOrs \00111 nOI, of course. be radiation­
resistant. St1IHconductor resistors. whether diffused, implanted, or 
bulk, are nonhnear at higher \'oltagcs and contribute parasitic 
capaCitance. 

Siliclde resistor processes ha\'C been deo.·elopcd for three p. 
ranges: 200 0 sq, 2 kO sq, and 20 ill sq. The 2()O.O sq resistor is a 
mol)'bdenum dl~dlCKk (MoSl:) film which has a reslstlVilY of 1300-­
"2lXX) Ilfi · em (dependmg on su~trate and dtposJllon condl\tOns). 
Thusa 200-0 l>'I film hanthicknessof650 1000 A The2-Jd1 sq and 
2O-kfl sq rcslSIOrs are silicon-<:hromium (Si-Cr) films containing 
appro:umately 4] wt ~. chromium and 27 wt °/~ chromium, respcc· 
ti\·ely. Chromium disilicide (CrSi l ) films ha"e also been studied 
extensively_ All films are depo~lted by dc diode sputtering. Table II 
JislS some of the characteristics of silicide resistors. Silicide resistors 
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TABLE I 

Sh«1 Rt$'$I;~"y RanllC __ Th:::;~'~F~;I~m::: ___ ~s<:::m~"COC'~dC"C'~"~' __ 

200 {} "I MoSi , diffused 
C.--SiO 
T. 
Ni Cr 

2knsq Si Cr 
Cr SiO 

20 kO ~q Si- Cr 

implanted 
bulk 
diffused 
pinched 

imptanted 
aCli,e loads 
buried layers 

should flot be confused with Cr- SiO or other cermet-type films con­
taining oxides. 

All the thin-film resistor technologies listed in Table I have 
limitations. Nickel-chromium (Ni--Cr), although well-established 
as a stable low TCR (usually ±SO-ppm C) resistor is difficult (and 
expensive) to mass produce. The film thickness for 200 {} sq is 80-
ISO A, and depends on film resistivity, which is determined by 
deposi tion technique and alloy composition 12}-{4J. (Ni-Cr o r 
Nichrome- films describOO in the literature contain from 30 to 80 
wt '}'. nickel.) Such a thin film is readily consumed by residual 
chemicals (etchan~. resist stnppers), and process control mUSI be 
stringent. Ni Cr films also require some type of protoctive layer. 
such as SiO or Si01• to prevent oxidation and electrochemical reac­
lions in moist environments. 

Tanta lum film resistors (.8-Ta or TaN:). as developed by Bell 
Laboratories, were originully designed for p. values around IOO 'sq 
and thicknesses greater than 1000 A IS). Higher value resistors of 
P -Tn or TaN 1 require films nearly as thin as Ni- Cr. Low-density 
tantalum, deposited by low-vol tage spunering. has a higher film 
resistivity and can be used to achieve p. values as high as 1000 
o sq, but the porosity of the film makes it susceptible to oxidation 
and a passivating film is required. 

Chromium-silicon monoxide cermet (Cr-SiO) films have been 
used on monohthic circuits. and are suitable for the range 300 to 
2000 0 sq [6J. (7). Because of their higher SiO contenl, reproduci­
bility is poorer and delineation by etching is more difficult for 
Cr SiO films having P. > 2 kO sq (8). [9). In one process that has 
been described (7). theCr - SiO res;storsareanncaledat450 C.Suh­
sequent exposure to temper,lIures in excess of this value ~ult~ in 
further annealing. This is a disadvantage if a one-step metalhzatlon 
(for monolithic circuits) or ceramic packaging is required. If 
aluminum is used to contact Cr-SiO films. as is desirable for mono­
lithic CIrcuits. an increase incontact resistance may occur under dc 
load for temperatures as low as 100 C [10). 

In comparison with present Ni--Cr. Ta. and Cr- SiO ~istors. the 
silicide resistors offer a potentially simpler process that will produce 

• RCI'$tercd IT.demark of Ihc Oriver-Harri s Co. 
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TABLE 11 

SILlcm~ RUUTOR CHARACTER!STlCS 

Sh«1 re$i§h~lt) [1I"iQ1 
Thickno:ss (A) 
Fitm rcsi~li ... it} [pO eml 
Film I:Om~ition WI -;. Si 

It ~. Si 

A ... , TCR. 50 ISO C(ppm C) 

Siability' 200 (' stOrRge 
IIrst 200 II 
ne~1 1800 II 

St.blht~ 12S C, ~ 10' " em' 
first 200 II 
next 1800 h 

Reproducibility (absolule Yatue) 

'A\C .... II(: perC~R\ ehanlle • 

MaSi, 

200 
.SO 

1300 
17 
67 

-12S :t2S 

<U 
<0.2 

0.71" 

± 10·. 

• MaXImum pcrcc:m change aner 10000 h. 1.3 x 10' A em' 137 Unlt$}. 

resistors of comparable long-term stability and improved short-term 
high-temper,lture stability. A disadvantage of silicide resistors is 
that e:ll.lensive Tt"liability data are not yet available. Among thin­
film resistors having P.> 10 Ul sq there is no present altemati\"e 
to ('r Si [III· 

SILK""II)E R1-:stsTOR PROCESS 

The follov.ing summarize~ the silicide re-;istor process sequence: 

I) film de~ition bydc diode sputtcring: 
2) contact mctal deposition. 
3) contact pattern delineation: pholoresisl. melal etch: 
4) resistor pattern dehncation. pholoresist. resistor etch: 
5) resistor anneal.nitrogen, 500-565 C, 5--15 min. 

A. Film Deposition 

Silicide film~ are dcposited by de diode spUllering in argon. 
Initially. silicide films were deposited by electron-beam evaporation, 
but reproducibility was poor. An automatic magazine-fed sputtering 
machine has been de\'eloped to allow hi~-\·olume production of 
~putlered films. 1 The substrates are placed on 1O-cm diam carriers 
within a 7.5-cm diam area. The magazine capacity is 60 carriers. 
An automatic feed mechanism transfers the carrier from a vertical 
loading maga-tine to a platform which then rotates 120 10 position 
the carrier under the cathode. The cathode or spullering target 
consists of a I (k:m diam diSC of MoSi1 or Si-Cr fabricated by hot 
pres~lOg. After a 2-min resistor deposition period (nomina!), the 
substrate platform IS rotaled 12{) once more, a new carrier is 
positioned under the cathode, and the carrier with the sputtered 
sub~trate is picked up by a receiving magazi~. 

Including loading and unloading time. the system is capable of 
about two cycles (60 carriers each) per eight-hour shift. For IOle­
grated circun wafers (whole or broken) the carrier capacity is one 
wafer or equi\oalent per carrier. The wafer diameter can be 5 or 7.5 
cm (2 or 3 10). Carriers for 2.5 by 2.5-cm or 2.5 by 5<m ceramic 
substrates would be limited to four 2.5- by 2.5-cm substrates or two 
2.5- b> 5-cm substrates per carrier. A three-minule sputter time per 
carrier would reduce the capacity 10 three cycles for each IWO con­
secutive eight-hour shins. 

, I'. I'ehtll.ber. lude(! by J. V,e lor, de_eloped the Silicide resistor produe­
lion prOCC$l. 

CrSi, 

1300 
300 

2600 

" 67 

+200±50 

0.46 

0.1S· 
O.SI' 

±t~~ 

Si-Cr 

2000 
200 

4000 

" 71 

-lSOj:SO 

Si-Cr 

'" 000 m 
45000 

13 
8l 

1400 ± 200 

3.2 
0.21 

± IS% ±30"~ ---- --

The thickness unifonnity ofthedeposiled film across a subslrate 
depends on the ratio of the targel diameter to the substrate diameter. 
cathode-substrate spacing, and the cathode shield geometry. 
Thickness unifonnity of ± 2 3 percent across a 5..an diam substrate 
is not difficult to aehie\·e using a 1O-cm diam target (4). 

Reproducibility of p. from run 10 run depends on a reproducible 
deposition rate whK:h in tum depends on sputtering \'oltage. current, 
time, and residual gas background [121. Techniques for achieving 
such reproducibility ha~ been described by Bickley and Campbell 
(13) and by Stem and Caswell (121. 

Spuuenng .. ollases belween 2 and 3 kV have been used with 
cathode currenl densities of about 0.5 rnA em1. Details of the 
process have been described elsewhere [14). 

8. Contact Mtlaf 

Evaporated aluminum I to 1.5 I-IfTl thick has been used most 
often as a contact metal. Sputtered molybdenum gold has been used 
for contacts on alumina and sapphire substrates. Gold does not 
adhere well to silicides or ceramics, so 500 A of molybdenum has 
been used as an intennediale layer. The gold thickness can be I to 5 
11m or more. 

We arc concerned with rcaclions that may occur betw~ the 
resistor and the contact films at elevated temperatures. Silicon 
dIffuses rapidly inlO aluminum at SOOT or higher. Duringanneahng. 
free silicon in the silicide film may diffuse into the alummum contact. 
causing thinning of the resislor nexlto the aluminum conlact bound­
ary or lateral mO\"ement of Ihis boundary. This effect has been seen 
in silicon-molybdenum and silicon-chromium films containing 
O\"er - 75 at ~.~ silicon. It has Mt been seen in CrSi l or MoSi1 films. 
Free molybdenum in the film could also cause problems by dIS­
solving in Ihe aluminum and fonning inlermetallic compounds. 
There is no evidence that uncombined molybdenum is present in 
Ihe molybdenum disilicide films. Mol>bdenum-gold films ha\e 
reportedly bcftl used for high-reliability metallization on integrated 
circuilS. Molybdenum can dissolve slightly in gold. but no mter­
metallic compounds are formed. 

The contact is masked and etched first: then the resistor is 
masked and ctched. It is often difficult to align a contact mask with 
an already dcfined resistor, especially on ceramic substrates or 
where the contact metal is ten limes thicker than the resistor film. 
On monohthic circulls. the vertical resistance of the resistor film 
beneath the aluminum metallization andover the contact cuts 10 the 
oxidc nitride is usually negligible after alloying. Similar results 
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TABU" III 

PIIOTOMAS~I~O Tou.llAscu 

Toto:ran~ for 
9$-percen t Yidd 

(peranil 

*' *' 

Tolerance for 
9'9-perccn t Yield 

(percent) 

have been reponed for Cr-SiO fi lms as intenn«hale layers in mono­
lithic circuit contactS [15J. Molybdenum can be etched 10 acid 
etChanLS and gold can be etched in iodine· KI etch [4 J. None of these 
contact etching solutions allack sllicide resistors. 

C. ReSistor Dt/inCa/ion 

T he silicide resistor film can be delineated by etching o r by 
lifting; that is, dissolving away a prepaltemed underlying film. 
Silicon etchantscontaining II F . HNOJ , and HlO, or Hl PO, C"dn be 
used to etch silicides 14J. Silicon nitride on monolithic circui ts or 
alumina o r sapphire for hybrid circuItS are unaffected by these 
etchants. 

Resistor fi lms can be lifted us ing metals such as aluminum (16J 
or copper 117J, or by dielectrics such as bismuth oxide [18J, in cases 
where silicon etches would attack the substrate (for example, phos­
phO--Sllicate glass on monolithic circuits). Photoresists cannot be 
used for lifting Since the sputtering plasma can degrade the photo­
polymer (by heat, eleclron bombardment. and UV radialion) so 
thai II is difficult 10 remo\'e. In addition, the gases evol\'ed by 
decom~ltlon or outgassing of the resist can adversely affect 
reproducibility. 

In some cases, spuller etchmg (16) of the film may be economi­
cally feaSible, 

D. Etching TQfmll1~ 

Resistor matchlllg tolerance depends on liney,idth. Our results 
on resistor matching agree with data reponed by Giang and Shaible 
/16). T hey found that the limit on etching precision was ±0.5 
Jilll (0,2 mil) regardless of size. Etching precision usually ranged 
from ±0.5 Jim to ±2ISm. Assuming an ultimate standard devia tion 
of ± I percent fo r sheet resistance variation over a subs-trote, 
Table III summarizes the expenmental and theoretical resul ts. It is 
an often o\'erlooked fact that resistor reproducibil ity and mutching 
are strongly dependent on the inherent reproducibilityofthe method 
used to define the resistor. Precision resistors require widths of 50 
jtm (2 mils) or more, Optimum p,ur matching requires identical 
reststor geomelnes; optimum rat io reproducibili ty requires identical 
line Widths. 

E. Anneafing 

After contacts and resistors !la\'e been patterned. the resistors 
are annealed at SOO 10 565'C in nitrogen for 5--15 min. For mono­
lithic CircuHS. thi~ is the ··alloy·· step used to ensure ohmic contact 
bet .... een the alummum metallization and the silicon devices. The 
step also ehmmate! reststor contact resistance and stabilizes the 
resistor against funher changes (due to annealing) dunng die 
attacb, packagmg, and life. 

SILICIDE RIsISTOR OIAaAcnJtlSTlCS 

A Res/Slilit)' and Ttmper(lfur~ Ccw/ficient 

The film resistivity (p) in ohm-centimeters is defined as the 
product of the measured sheet resistance (!lsq) and the film thick­
ness (cm). All resistiVities quoted are those of films annealed at 
530--565 C in nitrogen for 5--10 min. A useful range of fi lm resistivi­
ties IS 10 J to 0. 1 n . em ( IOJ_ 10' pn. em) since with film thick-

• • 
.~. 

" • 

p 

,. , ,. 
UOMt( P[/lCUH :HROMtIJM 

,"'" • " • • , 
~ 

·2000 '" 
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Fia· I Ftbn re$'SIIVtty and lemperature codlietem .. e<sus tbromium 
,0Rlenl for SI ·Cr films. 

nesses bety,een 200 A and 1000 A, the sheet resistance range from 
100 n sq to 50 k{} sq can be produced. Tbe: average temperature 
coefficient of resj~tance (01) IS here defined as lI(ppm' C)= 10· 
f(R! R I)' I], where R I IS the mistor value at 5O·C and R! is the 
\l1lueat ISO C, 

For silicon-chromium resistors. the relation bet .... ",1 (:hromium 
content, p and :I is shown III Fill, I The data represent filmlo de­
posited on thermally ox,dlztd silioon suhstrates by electron-beam 
C1."lIporation or by l>puuenng at 2· 3 L,Y (141- Both p and:l are de­
pendent on dep(hition conditions and substrate type, as well as 
chromium content (191. Film) deposited by sputtering irom a hot­
pressed chromIUm disilicide targt't (CrSi). 33 at~;. chromium) ha,'c 
apof2.6±lxIO 10 (:mamlan:lof±SOppm Clncrcaloingtbe 
silicon content of Ihe film increases p and makes J: more negatIve. 
Films containing about 30 al % chromium bave a near zero II. The 
resistance-tempcraturecurve for a near zero 2: film is shown in Fig. 2. 
The rulstance of Ihis sample bas a maximum at about 75 C so tbat 
II calculated bet .... een 25 anJ 125 C would be essentiall)' zero, In 
actuality the TCR is positive below 75· and negative above 75 C. 
The temperature for maximum resistance can vary shghtly across 
one suhstrate so that IX (the a\'erage TCR betw«n SO' and I50C) 
may vary by 50 ppm C on one substrate. 

Mol)bdenum disilicide (MoSi!) films, all deposited by d(: 
spuuermg, were found to have II negative TCR , and p( - I J x 
10 J n cm) was about half that of CrSi1 films. InCft:a~lOg the 
silicon content of the films increa!.Cd p. but resulted in e\en more 
negall\e TCRs, so silicon--chromlum film~ appeared to be more 
SUitable for higher \ aluelo of p •. Disllicide filmsofTi, Zr Hf. Y. Nb, 
Ta, and W y,ere found to be similar to MoSi1 in re)buvity and TCR. 

Fig, 3 shows tbe relation between p. and film thickness for 
CrSi l and MoSi} . Thi(:kne5S(s between 200 A and IOOOA rtpfl:l>('nt 
a practical range for silicide re)iston. Thinner films an' more 
variable m p and TCR (more senslti\e to sputtering coll(litionsl. 
and thICker films take too long to dCPOloll and are more difficult to 
delineate, Thus MoSi l films are suitable for p. value~ bel~een 150 
and 600 n sq. and CrSi l films are useful for 300 to 1300 n!>'l Tbe 
film resistIVitIes IOdlCated apply to films on smooth suix.trates: 
oxidized silicon wafer.. with or without silicon nitride paS!oi\ation. 
Table IV shoW5 the typical appa~ntl him resistivity variation for 
lOOO-A thick MoSi l film on various substracte:.. For good repro-

, .. Apparent" becMUse Ihe rou&/1ness fl~tor (ralio of aClual lurfal;(! lrea 
10 tCOmttnc lurface area) IS unk nown. 
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ducibility on ceramic substrate, films thicker than 200A are required 
so that the practical thickness range is narrowed to 400-1 000 A. For 
MoSilon I ().,Iin (CLA) alumina. p. at 400 A is about 600 0: sq. The 
resistivity of CrSil and Si-Cr films on alumina substrates has not 
been extensively investigated. but Si-Cr films containing more than 
75 at % silicon appear to be more sensitive to substrate surface con­
ditions than CrSi l or MoSi) films. 

Two "standard" Si-Cr resistor compositions ha\'e been de­
veloped for 2-kfl SCI and 2().lO: sq resistors. The nominal composi­
tions and characteristics of these resistors are listed in Table II. 
Increasing the silicon content to increase p. ~uires tradeoffs in 
TCR and reproducibility. 

B, Rep,odudhi/i/.l' 

As indicated in Table III, resistor tolerances for resistors less 
than 50 11m (2 mil) wide are limited to no bener than ± 3 percent 
(95 percent yield) by the photomaslc:ing etching process. Variation 
of p. aeross a substrate and from subsu"ate-to-substrate or run-to­
run will further increase the spread in resistor values. Estimated 
spreads for 95-99 percent yield for rour silicide resistor processes are 
gh'en In Table [ I. These represent run-to-run deviations of 2- to 
4-mil wide resistors from their target values after all processing, 
including sealing in TO-5 cans. Deviations within II run arc ap­
proximBlely half of these spreads. 
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TABLE tV 

MoSI, RI'51STIV1TY OS V ... RIQUS SUBST ..... nS 

Subslrate 

Apparent Film 
Reslsti'ity 
Clhil:kne:ss 
-lOooA, 
(~O I:m) 

---
99.S-pen.:t:nt alum,"a (Coors, to-~in CLA) 
99.S-percent aluminllA~rican La'·a. 8-~ln CLA) 
99.S·percent alum,na. pOlished' 

(American La" I , 2-~in CLA) 
Sapphlre_ poltshed (Meller. I-pin CLM 
99.S-peTCmt alumma, &lazed 
Sitioon, thennilly o~ldized with or wlIhout Si . N , 

• Polished by Tec:hwaH, Prin!;Cton, N. J. 

C. Swhilil)' 

2200 
2000 

"00 
lJOO 

1l00-ISOO 
1300 

Typical stability data arc summarized in Table II. All dala refer 
to resistors annealed at 550 C to 565 C for 5 to 10 min in ni trogen, 
having no protecth'c overlayer, and scaled in TO-5 cans. In gcncral. 
MoSi:, erSil' and Si Cr resistors are about equal in stability, 

Silicidc resistors. even when unprotected. show excellent stability 
during short term ell:posure to tempcralures up to 550"C, such as 
during chemICal vapor deposition (for scratch protection of alumi­
num metallization l ). die allach, and ceramic package scaling. 

Unprotected MoSi: resistors (200 0: sq on oxidized silicon) 
sealed in ceramic glass-sealed packages (Cerpak) changed <1 .2 
percent during paclc:aging. During sealing the resistors are at a tem­
perature > 450 ·C for l6to 18 min. and al 515 to 520 C for4 min in 
oll:idizing atmosphere, 

For metallization scratch protection. vapor deposited silicon 
dioxide can be used. MoSi l resistors coated with 111m of vapor­
deposited silicon dioxide changed by 0.25 percent or less during 
deposition. Coated resistors having aluminum bump contacts 
have been ultrasonic flip. bonded to ceramic substrates with no 
measurable change 10 resistor value during bump fabrication or 
bonding. 

ElI:tensive load-test data are not available for Si-Cr resistors, 
since the original development was for usc in lo .... -power circulIS 
.... here the resistors carry less than [0 /lAo More silicide resistor life­
tcst data lire needed particularly for high current densities, both 
steady state (dc and ac) and transient. 

D. ROf/iarion Rt:'sislUlice 

Limited (unclassified) data indicale that silicide resistors are as 
mdiation resistant as thin-film metal resistors. such as Ni-Cr orTa. 
The resistors do nOI exhibit radiation-inductd pholocurrcnts and 
change less than 0.3 percent after radiation doses of 10' } N em1 or 
lOS rod (Si)(Co.o gamma sourcc~ 

E. Monolilhlc Ci'Cllit ApplictJlion 

MoSil resistors (200 n sq) are being evaluated in newly de­
veloped radiation·hardened monolithic circuils requiring resistor 
values bet\\ccn loon and 20 kfl: that is. for resistors in the 100-200-
0: sq rangt. Lo ..... -power radiation-hardened circuits requiring 
higher value resistors will use CrSi1 or Cr-Si resistors (I ,3 kf! sq or 
2 ill sq). For example, Si-Cr (2 kfl sq) resistors have been used in a 
radiation-hardened operational amplifier. This device has been 
described by Stafford and Oberlin [20j. 121 j. Si- Cr (20 ill sq) 
resistors have been used in a low.power operational amplifier [22~ 
[23 j, and in 100o,-powcr bipolar digital arrays de\'eJoped under an Air 

• SlhClde resi$lon themselves arc e;:nrfmcly hard and K"ratl:h rdtStant. 
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Force contract \24 J. In the digital circUits resistors still required 50 
percent ofthc chip area, e\cn wilh II 20-kO sq p. and a IO-/lm (0.4-
mil) resistor Yo idth. 

COllOCLUSION 

SiliCide mlstors (MoSll' CrSil' and Cr Si) ha\c decided ad­
vantages in terms of short-tenn high-temperalUre stability and ease 
of fabrication o\crcompemi\'e thin-film resistors in the range 100-
10000 sq. Belv.c-en 2 kn ~and 20kO~. nO(lhin-film)competition 
exists. Silicide resislors are compatible with monolithic circuit wafcr 
fabncation and assembly. and also offer an altcrnatlVe technology 
for hybrid circuits dcslined for ceramiC packages. 
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Sputtered Silicon- Chromium Resistive Films" 

Robert K. Waits 
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The resistivity, temperature ooefficicot of resilJtllnee (TCR), and Blructure of annealed films 
deposited by de diode spultering h!l.ve been studied II.!! n function of chromium content over 
the rongc 17-33 IIL% Cr. The rcsiatil·ity decreases from 0.1 to 0.001 n em find the TCR 
changc& from -1500 to +500 ppmrC with increasing Cr content. :Filma containing about 27 
at.% Cr had the lowest TCR. Films deposited at a cathode potcntial of 10 kV have II. more 
posilil'C TeR for the same rcristh'ity than filmlJ sputlcrc,d lit 2.5 kV. Electron micrographs 
showed the latter films to hnvc a coarser structure--due cilllf'r to 1\ larger grain size (tOO A 
compared to 50 A) or to a clumping of grains. Electron diffract ion patterns indicated &. 

Ilcllrly amOrphoU81ilm; CrSi, w~s thE" ollly identiliahl~ phase. T he a\'Cnlgc drift of 50 .I'm-wide 
resistol'll (I to 25 kO/equare) during 1800 h at 2QO' C (no load) or 12,5'C (50 V de) waa: ::t.O.5'i'" 
after an initial 200 h aging under the 8IIme eondil.ions. 

Introduction 
Many low-powcr monolithic intcgrated circuit appli­
cations require high-resistivit.y thin-film resistors. l 

Such resistors are fabricated on the 5ame chip as the 
integrated circuit so the circuit and resistor process­
ing and packaging must be compatible. A pre\'ious 
study2 of silicon-chromium films deposited by elec­
tron-beam heating showed that films containing about. 
30 a1..% Cr had low temperature eoefficiente and 
resistivities ncnr 4 x 10-' n cm. Stable resistors 
compatible with integrated circuit manufacture were 
produced that had sheet. resistivities up to 10 kn/ 
square. Film composition could not be precisely con­
trolled, howevcr, and adequate reproducibility was 
not achievcd. 

This pnper describes the propcrties of silicon­
chromium films dcposited by de diode sputtering. 
Diode sputtering was sclectcd as the deposition tech­
nique most likely to achieve a unifonn and repro­
ducible film. }~ilm resistivity, temperature coefficient, 
and structure were studied as a function of chrom­
ium content. The chromium content of the films was 
varied by varying the silicon-chromium ratio of the 
sputtering SOUrtlc. Rcsistivc films containing frOID 

• This work "'"u sponeored in p:ut by the Electronic Teeh­
nolog)' Division, Air }'oree A\'ioniCll Laboratory, .o\ir Foree 
Systems Command, United States Air Foree. .. _ 

t This paper wu prceent~ a~ the 15th Nahonal \ acuum 
Symposium or the A\'/:i, Pittsburgh, 28 October 1968. The 
paper ","u not included in the ProeeedinlYJ or the SymJlC$um 
due to length limitations on papt'TS published. 

111. Wolr and K Gl'ffnollJl:h, Mkocleetronies R€'liabilil.y 
6,2S5 (1967). 8€'t- al80. A. P. Youmans. Vniled St.atell Patent 
3,381,255 (30 April. 1968, filed AyriIIOO5). 

'll. K. Wait .. , Trans. Met. Soc. AJM E 242, 490 (1968). 

17 to 33 a1..7o Cr were investigated since films 
having low temperature coefficients lie within this 
composition rangc. 

TcrT),3 has rcported rf and triode dc-sputtering of 
resistive films from a cathode containing 33 at. '70 Cr 
(hot-pre:,:;ed CrSi2). The films had resistivities of 1100 
to 3000 J-ln cm and temperature coefficients from - 125 
to -275 ppm;oC. Annealing in air at 450°C for 1 h 
did not change the resistor valucs. Several studics of 
vacuum-evaporated silieon4!hromium have becn made; 
sec refcrences li.stoo in Refs. 2 and 4. Youlllans' 
has reported that silicon4!hromium films evaporated 
by electron-beam and conta ining 60.1-68.6 w1..'70 s ili­
con (20-26.5 a1..% Cr) have temperature coefficient..!! of 
±50 ppm/oC. Investigations of vacuum-sublimcd sili­
con-chromium resistivc films havc recently been de­
scribed in the Sovict Iiterature.~· • With regard to the 
application of such film resistors in integrat.ed circuits, 
Wolf and Greenough' ha\'e described the use of one 
knjsquare vacuum-deposited f!ilicon-chromium resis­
tors in a monolithic diffcrential amplifier, and HalF 
has reported the usc of 200-500 n/square triode­
sputtered "silicon-based alloy" thin-film resistors in 
se,-eral types of monolithic circuits. Both investiga­
tions rcported temperature coefficients "less than 200 
ppm/oC," but no relSistivity data or process details 
werc g1Ycn . 

I I~. E. T€'IT)', Final R€'port, AD 827 212 (Feb. 1968). 
• R. B. Be1acr and M. D. Carilhel'll, NASA Final Report 

cn 88468, ~67-36927, (I~. 1966). ' 
I A. I. Sokol('n\.;:o and J. B. Sl.8.ryi, So\'iet Powder Met. MetaJ 

Cel'1lm. (Engli~h Tranal.) SO, No.2, 142 (1967). 
• I. B. Starri IlDd O. 1... Chl'pok, Sm-iet PO"'der Met.. Metal 

Ccrom. (EllgJi!h Trans\.) so. No.2, 145 (1967). 
'J. II . Jhll, Vllcuum 17, 261 (1007); Scmicond. Produet. 

10,50(1007). 
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aluminum contact during annealing to produce a low­
resistivity (10-' to 1()-4 0 cm) phase that migrated 
from the contact area for distances of up to 100 /Am 
along tile resistor. (Similar resulta were reported for 
vacuum-deposited SiCr and Si fihns.2) This distance 
increased with increasing aluminum area adjacent to 
the resistor contact and with the annealing time and 
temperature. For annealing temperatures below 450°C, 
the effect was not noticeable. 

T his effect occurred only with films containing less 
than 25 aL% Cr (including silicon films), and which 
were sputtered at ..... 1.5 kV to 2.5 kV. (No films were 
deposited at voltages >2.5 kV.) Films sputtered at 
1.0-1.25 kV did not renct with the contacts nor did 
any films containing more thnn 25 nt.% Cr. It is 
probable that the reaction is due to the high difTusivity 
of silicon into a luminum at the nnnealing temperature 
used. The characteristic diffusion length 2(Dt) I, where 
D is the diffusion constant and t is timc, of s.ilicon in 
aluminum after 10 min at 550°C is approximately 40 
}llD.a The granular structure of the thin aluminum 
and silicon films might be expccWd to enhance this 
diffusion raW. Similar silicon-aluminum diffusion re­
actions have been reported for evaporated polycrystal­
line silicon resistors cont.actcd with aluminum' and for 
silicon films vacuum-deposited on single-crystal alum­
inum surfaces.IO 

All resistivity data that follow refer to annealed 
films. 

B. Resistivity vs Composition 

Sputtered films weighing 200-800 ~ were analyzed 
colorimetricaJly for chromium. The films were depos­
ited on oxidized silicon; the film weight was deter­
mined by weighing the wafers before and after de­
position. The film wns lifted from the wafer with 
conc. HF and then dissolved with HFjHNO,. The 
chromium was determined by a modified S-diphenyl­
carbazide technique. Table I Iista the results of film 
analysis along with the nominal and analyzed chro-

T.\ULa I. W~ht percent chromium in sputtering lIOuroe and 
sputt.ercd film.. 

So""" 
Nominal Ana.ly" 

38.5 
31.5 
28.S 
26.S 

(all ::1:.2%) 
36.' 
28.' 
26.' 
25.3 

rUm analy&ie 
1.0 kV 2.5 kV 

2M * 1.5 

37.7 == 1.0 
28.6 == 0.7 

28.2 ± 1.0 

'C. J . SmitheiLs. Ed .. Mct4u Re/eTefIU Book (Pkoum 
Preas, New York. 1967), <l th ed., Vol. n, p. 662 . 

• R. Gong, NASA Final Technical Status Report, CR 841<14, 
N67- 26620 (<XI. 1966). 

ID F. JOlla, Bull. Am. Phya. Soc. U, 549 (1967). 

, 
" e • • 
> • > 
~ • 0; 
w • 
• J 

" 

, 0"' ::- '\ , 

10-1 

~ 
r 

10-1 r-

o E. I . DEPOSITED 

'% o SPUTTEREO 2-2.5 ltV 

6 SPUTTEREO l.o-I.~ ICV , 
8, , 
, \0 , 

" . , , , 
~8 , , , , , , , 

-

-

--: 

-

'O"·'oL----~--~,--,~--~ ,_'_'_'~ __ ~ 
0" 102030405060 

ATOMIC PERCENT CHROMIUM 

F'lGUIIII 1. Film resistivity VI at.."'o Cr for Sier films. For 
sputtered fi lma, film composition U8I.lmed equal to ealboo.e 
composition; for evaporated films, Cr conk!nt found by cheml_ 
t:aI an.iylis. 

mium content of the sputtering source. The analysis 
resu lu for the sources may be low due to incomplete 
recovery of chromium. For films sputtered at 2.5 kV, 
the film anlllyscs and cathode composition agree 
within the analytical uncertainty. 

Film resistivity vs at.% Cr for both sputtered and 
electron-beam deposited films2 is shown in Fig. 1. For 
sputtered films, the chromium content of the film was 
assumed to be the snme as the nominal source composi­
tion. The electron-beam pointa are based on film ans­
lyses. The results are fairly consistent with the ex­
ception of films sputtered at 1.0 kV from cathodes 
containing 25 and 33 a1.% Cr, which had a higher 
resistivity than those sputtered at 2.5 kV. A higher 
rCl!istivity could be explained by a lower chromium 
content for lower voltage sputtering. Analyses of 
films sputtered at 1.0 and 2.5 kV from the same 
ea.thode (Table I) also indicate this might be the 
casco As discussed below, all films sputtered at lowcr 
voltages had a more positive temperature coefficient 
for the same resistivity than higher voltage films. 
The effect of le88 chromium should be an inereare in 
resistivity while maintaining the same relation be­
tween resistivity and temperature coefficient; how­
eyer, the experimental results show that this is not 
thc case. 

C. Resistivity vs Temperature Coefficient of 
Resistance 

The temperature coefficient of resistance between 
50° and 150°C as 1\ function of film resistivity is 
plotted in Fig. 2. The dashed line is the least-squares 
fit for 22 runs, >500 A. thick, vacuum-deposited by 
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FlOuru; 2. Temperature coefficient. of rctIilltance va resisth'ity 
for Sier films. Elich point is the average of 4-7 runs; linea are 
le.ut-equ8ree fit for all runs. The dau spreads for tllrO point! 
are indicated by bllrB. 

electron-beam heating,: The solid line is the least­
squares fit for 36 runs sputtered at 2.0-2.5 kV, 140 
to 750 A thick. The dotted line is the best fit for 18 
runs sputtered at 1.25 kV, 350 to 750 A thick. Each 
point represents the 8YCrn.ge of four to seven consecu­
tive runs from the same sputtering source. The tem­
perature coefficient is the average for ten units from 
the run. The data spreads for two of the points 8TC 

indicated by bars. 
The films sputtered at 2.0-2.5 kV and the electron­

beam deposited films are similar, but. the films sput,.. 
tered at 1.0 or 1.25 kV have a morc positive tem­
perature coefficicnt of resistance for a given resistiv­
ity. This effect was voltage-dependent, not rate-de­
pendent. Films sputtered at 1.0 kV at deposition rates 
up to 4 A/sec (obtained by increasing the argon 
pressure) still had more positive temperature coef­
ficients than films sputtered at. 2.0-2.5 kV at the same 
rate. Conversely. sputtering at. low rates and high 
voUnges did not result in more posith'c temperature 
coefficients. The film resistivities for ncar-zero tem­
perat.ure coefficicnts are tabulated below: 

Film 
Refliativity for 
«-O(Oem) 

Sputtered 1.0-1.25 kV 0.0074 
2.0-2_5 kV 0.00:31 

Electron-beam depc:eted 0 . 00'!9 

Thus the films sputtered at lower voltages have 
the advantage of a 2.5 times higher rcsistivity at 
"zero" temperature coefficient. A further advantage is 
their previously dh:cussed nonrcaction with the alu­
minum contact metal during annealing. 

Based on Figs. 1 and 2, hy-pothcticnl 2OO-A-lhick 
SiCr resistors sputtered at 1.0-1.25 kV would have 
the following characteristics: 

Sputtered Sltlc:on-Chromlum Reslsttve Fllms 311 

p « Sheet resistance at 200 A 
at.% Or (0 em) (ppmrc) (Idljsquare) 

30 
27 
25 
19 

0.0058 
0.0074 
0.0095 
0.026 

+100 
-0 
- 100 
-500 

2.9 
3.7 
•. S 

13 

D. Resistivity-Temperature Curves 

The results of resistivity-temperature measure­
ments as log resistivity VB reciprocal tempcrature are 
plotted in Figs. 3 and 4. The circles and triangles rcp­
resent. films sputtered at 2.5 kV and 1.25 kV, respec­
tively. The log p vs l/T curvcs for the 2.5-k V films are 
similar to those for electron-beam deposited films.: 
The curves for films deposited at. 1.25 kV have less 
curvature than corresponding 2.5-kV films. Films 
having resistivities near 3 X 10-' n cm sput.tered at 
2.5 kV, and films between 5 x HI' and 10-2 0 coo 
deposited at -1.0 k V had a maximum in resistance at. 
some temperature between - 60° and +300°C. 

All resistors decreased slightly in value during re­
sistance measurcments above 200°C. (Thc lower tem­
perature mcasurements were made first.) The maxi­
mum decrease observed was 2.7%, but the typical 
change was less than 1 %. 

E. Film Structure 

The structure of the sputtered SiCr films was stud­
ied by electron diffraction and elcctron-transmission 
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f)0UlU!: 3. Log resistivitl. va liT fOf sputtered SiCr films COD­
taiDin~ 17-20 It.". Cr. Film thiekn~ are noted. 0 cathode 
potential 2.:; kV; 6. cathode potential 1.25 kV. 
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FlOun 4. Log reaistivily VI liT for 'Puttered SiCr fiLms con­
tain~ 25-33 at.,. Cr. Film thiekne8ICII are noted. 0 cathode 
potential 2.5.1tV; 6 cathode potential 1.25 kV. 

microscopy. The filma were deposited on oxidized 
silicon wafers whose backs were protected by a gold 
film having etched holes. After film deposition, the 
silicon exposed in the holes of the gold film was 
etched 3.wny lenving either a thin «1000 A) oxide 
skin or no oxide supporting the sputtered fi lm. 

Films sputtered from cathodes containing 17, 20, 
25, and 33 at.% Cr were examined. Each composi­
tion was represented by films deposited at 1.0 and 
2.5 kV and by annealed (5 min , 550° to 565°C) and 
unannealed films. Longer annealing times had little 
additional effect on film resistivity. 

All the diffraction patterns had diffuse rings in­
dicating nearly amorphous filma. The only crystalline 
phase that could be identified was chromium disili­
cide. The 6harpness of the diffraction rings increases 
with increasing chromium content. Annealing the films 
also sharpens the diffraction patterns (Fig. 5). and 
films sputtered at 2.5 kV have a less diffuse pattern 
both before and after anncaling than those sputtered 
at 1.0 kV. 

The greatest differencc betwecn 1.0- and 2.5-kV 
films shows up in the elcctron-transmission micro­
graphs. Typical micrographs are shown in Fig. 6. 
The films were sputtered at 1.0 kV (left) and 2.5-kV 
cathode potential. Both films have a. very finc st.ruc­
ture. The average grain size is 40--50 A. for the 1.0-
kV film. The 2.5-kV film appears to be composed 
either of clumps of t wo or three small (40-50 A) 

FIGURe 5. Elcclrtm diltraction pntterns, sputtered silicon-
33 at..'7e Cr. Cathode potential 2.5 kV, 690 A thick. Lell: not 
IInnealed. Right: annealed 5 min, 650"0 in nitrogen. 

grains, or of irregular grains about 80-150 A. long. 
Micrographs of the same films aft-er annealing for 
5 min at 565°C in nitrogen showed no difference 
in grain si:r:e. 

There was little discernible difference between elec­
tron micrographs of films over the composition range 
17-33 0.1.% Cr except for a tendency toward a chain­
like oricntation of grains in somc of the films con­
taining 17 a1.7o Cr. The chains wcre approximately 
1000 A. long and sometimes oriented parallel to each 
other. 

Our observations are similar to those of Sokolenko 
and StaryjG who have reported x-ray diffraction studies 
of SiCr films deposited on fused quartz by vacuum 
sublimntion of an alloy containing 24 wt.% Cr (14.5 
o.t.% Cr.). (From the rcported film rcsistivity. 0.Ql-
0.0250 cm, it is probable that the films contained 20-
25 at.% Cr.) Diffuse lines were found that corre· 
sponded to CrSi2 for films annealed at 350° to 400°C. 

F'iGUllC 6. Eleetron-trnnlmiseion microgrnpha. Ip!,Ittered silicon-
20 at.% Cr./.e/t: cathode potential 1.0 kV, 68) A thick. Right: 
2.5 kV, 920 A. 



S'<lO-1 ,--

] , , 
> 
> 
~ 
> • • • < 

, 

• 
, , , , , 
• -, 

/' ,,~,~ 
/ \SlIIP(I"U'I«I .... 01 " , , , , , " , , , 

'"",TTE'I[(I S;_C. 'lUIS , 
< 

, , , , , , , 
2L- J L- ...... ---L.-.J...............J. ---L _ • 

-200 . 0 200 .00 600 - '----800 

T[MPERATURE roC! 

F'aum: 7. Rcaistance-temperature cun-ee for chromium disili­
ei.de (daahed line) and sputtered Sier films (solid lines). The 
s,Cr tilml w"re 6i0-690 A thick and were depoaited from a 
source containing 33 at.% Or at 1.25 kV (top) and 2..5 kV 
(bottom). 

At 500°C sharper lines corresponding to Cr were also 
noted. At GOOoC the Cr lines disappeared and Si lines 
appeared. The crystal size, calculated from the x-ray 
Iinewidths, was 40-50 A after annealing at 400° to 
500°C. 

Previous electron-diffraction studies of electron­
beam deposited film.s2 showed CraSi to be present in 
films containing from 10-33 at.% Cr; no CrSi~ or Cr 
was detected. In contrast, CraSi was not detected in 
sputtered SiCr films. 

Chromium disilicide may be the major conductive 
component in sputtered SiCr films. The room temper­
ature resistivity of CrSi2 has been reported as 1.4 X 
lO--3 o cm, ll. 12 4.3 X 10-' n em, 11 and 1.7-20 X 10-' 
n cm.14 The temperature coefficient is positive (2500-
2900 ppm;oC) below 350° to 370°0 and is negative 
from 400° to 700°C.11.13 The band gap calculated 
from high temperature resistivity-temperature mea­
surements is 0.5 eVu to 0.74 eV.14 The resistivity and 
band gap energy are sensitive to composition in the 
range OrSil.,~ to CrSi2.0o.u. 14 

Although annealed Sier films containing 25-33 at. 
% Or have resistivities in the range reported for 

11 D . A. Robina, Pbil. Mag, !, 313 (19.58). 
uE. N. Nikilin, Soviet Phys.-80iJd State:2 1966 (1961) . 
11 F. A. Sidorenko, I. Z. Radovakii, L_ P . .zefenin aDd P V 

Gel'd, Soviet Powder Met. Metal Ceram. (EngliSh T~.) 
48, No.9. i30 (1966). 

UD. K. Voromov1 L. D. DudkiD, N. I. Kiryuchina., aDd 
N. N. Trusova, SoVlet Powder Met.. Metal Ceram. (Engliab 
Tranai.) 49, No.1, M (U167). 
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chromium disilicide, the resistance vs temperature be· 
havior is quite different_ This is shown in Fig_ 7 
where resistiyity curves for sputtered silicon-33 at. % 
Cr films (solid Jines) are compared with similar data 
for polycrystalline chromium disilicide (dashed line) 
as reported by Sidorenko ct al.ts (Nikitin12 has given 
similar conductivity-temperature data for CrSi~. ) 

Annealed films containing 33 at. % Cr show a resis­
tance maximum near 300°C, but films containing less 
Cr have a negative temperature coefficient or a re­
sistance maximum at a lower temperature. Films 
having a negative temperature coefficient had ap­
parent activation energies from lO-I to 0.05 eV, in­
creasing with temperature and silicon content. T he 
film resistivity appears to be exponentially dependent 
on chromium content. These data indicate that the 
resistive film is not behaving as a simple mixture of 
a chromium-based conducting medium dispersed in 
an insulating matrix_ Even though CrSi2 may be a 
major conducting component, the conduction mecha­
nism is dominated by thc film structure. 

F. Resistor Stability 

Canned resist-ors having resistivities of 1-25 kO/ 
square were stored at 200°C, no load, and their room 
temperature resistance measured at intervals up to 
2000 h. The messurement uncertainty was ± O.OS%. 
Films having resistivities of 1- 1.5 kn/ square were 
also load tested at 50 V de at 125°C. A silicon over­
layer was electron-beam deposited on some resistor 
films prior to resistor etching in order to determine 
whether such an overlayer would improve resistor sta­
bility. 

Representative 2QO°C storage results for 15-25 kO/ 
square films are summarized in Table II. The films 
were sputtered at a cathode potential of 1.0 kV and 
contain approximately 20 at.% Cr. These data repre­
sent fi"e runs with and five runs without a silicon 
overlayer. Resistors having a silicon overlayer were 
more stsble during the initial 200 h than unprotected 
films, but there was no difference in stability during 
the subsequent 1800 h. 

Table III 5ummarir:es storage and load test data for 
1 and 1.5 kn/ square resistors. A total of 248 resistors 
were tested representing four runs with and four runs 
without a silicon overlayer. The sputtering potentials 

T.ull.z II. Rsistor stability, 15-25 kn/ sq, 20 at..% Cr. 

N,. kQ/aquare 
Overlayer 
thickri_ 

urn" .!. 

T.l 1>-25 None 
71 18-25 1300-1500 

SiCr 
lhiekne!ll!l 

1 

210-230 
l4.0-240 

Resistor ehange-200"C, 4R/R C%) 
0-200 h 200-2000 h 

Av. Mu Av. Mu 

3.2 7 .0 
0.65 2.0 

-0.21-0.79 
-0.17 0.81 
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TABU: Ill. Resiltorstability, 1-1.5 kO/aq, 33 at.% Cr. 

krI/lquare 

1.0 
1.5 

Overlayer 
thiek:nell:l 

A 

None 
1100-1400 

SiCr 
thickneas 

A 

190-250 
140-190 

were2kV (1.5 ko/square) and 2.5 kV (1.0 ka/square), 
and the films eontained about 33 at.% Cr. Half of 
the units were stored at 200°C, no load, and half were 
load tested at 50 V dc at 125°C. The 50-V bias during 
load teloting resulted in a higher eurrent density for 
the 1.0 ko/squarc films (no overlayer) than for the 
1.5 kO/square films (silieon overlayer). The units hav­
ing no overlayer were subjected to a current density 
or 20 A/cm2 and 1.0 kW/cm~. The current and power 
densities for the resistors having n silicon overlayer 
were 13 A/em' and 0.67 kW/cm'. The resistor leads 
were identified and the dc polarity kept the same 
throughout the test. 

During storage at 200°C, there was no significant 
differenee in stability between films with and without 
a silicon o\'erJayer; the maximum ehanges after 1000 
h were 0.94% and 1.2%, respectively. During load 
test, the overcoated resistors were significantly more 
stable during both the initial 2OO-h period and the 
subsequent 1800 h. The 50% higher power level for 
the unprotected resistors may be responsible for most 
of the stabilit.y difference. F igure 8 shows the average 
resistor ehange vs time for represent.ative runs (15--16 
resistors each) from Tables II and Til . 

~ 
'-;OO·C NO LOAD 

o 

-"--
200 500 1000 2000 

TIME !~l 

Fumu 8. SiCr rtUor .ability va time. Triangles: 2OO"C, 
no load (Table II ). Circlea: lZS"C, 50 V (Table .III). Each 
point ill the average change (or one run or 15-16 uwt •. 

Resiator change, !J.R/R (%) 
200°C 125°0, roy 

(00 unita/group) (64 unita/group) 
0-1000 h" 0-200 h 200-2000 h 

Av. M&x. Av. MAlI:. Av. Max. 

0 .46 
0.34 

1.2 0.75 4.4 0.51 3.2 
0.94 0.31 0.50 0.1 0.33 

During the tests described above, three resistor 
failures oeeu rred. All wcre opens caused by a defec­
t.ive ultrasonic bond between the lead wirc and the 
aluminum contaet pad. 

G. Reproducibility 

The d istribu ~ ions in resistance values and tempera­
ture coefficients for 50 I'm-wide resistors were mea­
sured for 1.5 kO/squarc and 11 kG/square resistors. 
The rcsult.e are summarized in Table IV. The spreads 
were ealcu lat.cd from the standard deviations assum­
ing!l. nonnal distribution. 

The 1.5 kO/square resistors were deposited at 2 kV 
from a cathode containing 33 at.% Cr. The average 
film thickness was 150 A and the films had a. 1500 A 
silicon overlayer. For the six runs, 255 units were 
measured on wafers; 9990 were within ±71o of the 
mean. The wafers were then separated into diee, 
mechanieally damaged dice were discarded, and about 
15 randomly selected units from each run were sealed 
in cans and measured. The mean resistor valuc in­
creased 0.5570 and the spread remained the same. 
The temperature coefficient was +357 ppmrC ± I1 % 
for 99% yield. 

Similar measurements were made for five runs of 
11 kn/square resistors sputtered at 1.0 kV from n 
cathode eonta ining 20 at..% Cr. The average film 
thickness W8S 210 A; the resistors had no overlayer. 
The spread for 99% yicld W8S ± 2O% on wafers and 
±217o in eans. The mean inereased 3% during can­
ning. The average temperature coefficient. was -205 
ppmr C ::28% for 99% yield. 

Giang and Schnibil:~ 15 have reported that standard 
deviations of ± 0.5 to 2 I'm can be expected in the 
dimensions of film resistors formed by the photoresist.! 
etching technique. For a 50 f'Ill-wide resistor st.ripe, 
they found the standard de,-iation in resistor value due 
to dimensional variations to be ± 2.3%. To estimate 
the toleranccs within which 99% of aIJ resistors will 
fall , the estimated standard deviation must. be muJti­
plied by 2.6. This gives an expected tolerance of ± 6% 
for 99% yield for 50 ,..m-wide resistors longer than 5 
~quares. The dnta for 1.5 ko/square are just. outside 

.a R. Ohmg and P. M. Schaible, Thin Solid Films 1, 309 
(1968). 
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TAB1Z IV. Reproducibility of 50 pm-wide ftlIJiatorl. 

1.5 ldl/sq (6 runs, 2 wafel"ll/ run) 
No. units Standard ~I,>read for 

99% yield (%) meMUred Av. deviation (%) 

R, on waren 
R, in cans 
TCR, in cans 

255 
86 
86 

1.47 ldJ/aq 
1.48 ldl/I!I~ 

+357 ppm/"C 

2.67 
2.58 
4.42 

:1::6.6 
:1::6.6 
± ll 

11 kD/sq (6 runa, 1 wafer/ run) 
No. units Standard 
meMUred Av. deviation (%) 

Spread for 
99% yield (%) 

n, on wafen 
n, in cans 
TCR, in cans 

14. 
148 
123 

11.0 kD/aq 
II .3 1dI/"'l 

-205 ppm/"C 

7.55 
8.18 

11.3 

±20 
±21 
±28 

this tolerance, indicating that run-to-run variations 
due to the deposition and annealing steps were small. 
The resistance spread for 11 kn/square resistors ex­
ceeded the tolerances to be expected from the masking 
and etching steps. It is believed that this is due to 
sheet resistivity variations that occur during both 
deposition and annealing. The large temperature co­
efficient spread also indicates that there is a variation 
in film properties. 

The variation in shcct resistance across a typical 
1-2 mm square silicon die is negligible. Therefore, 
the accuracy of resistor matching or ratio control for 
resistora on the same integrated circuit chip is limited 
only by the precision of the resistor delineation method 
used. 

H. Application to Integrated Circu its 

Thin-mm resistors having nominal sheet re!!istiv­
ities of 2 kn/square and 20 kG/square have been 
used in pilot production runs of two linear circuita: 
a radiation-hardcned amplificr and a low-power, low­
noise amplifier. Working circuits have been fabri­
cated and the compatibility of the thin-film resistor 
and the integrAted circuit processes has been demon­
strated.'1 

III. Conclusions 
Silicon-chromium thin-film resistors having sheet 

resistivities up to 11 kG/square can be reproducibly 
(±]5% or better for 90% yield) deposited by dc 
diode sputtering in argon. The chromium cont~nt. of 
the !!puttered films was equal to the cathode composi­
tion within the analytical uncertainty. Film resistiv­
ities and temperature coefficienfa are dependent on 
composition. As the chromium content is increased 

lI J . S. MacDougall, D. W. Oberlin, and K. R. Stafford, 
(U.s.) Govt. Microcireuilll Appl. ConI~ Digest of Papel'1l 1, 
m (Office of Naval Reeeart;h) 1968); C. A. Bittman, et 01., 
IEEE Internet. Solid.state Circuit. Con(~ DigCllt of Teehn. 
Pape .... 152 ([A'W Winner, New York, 1969). 

from 17 to 33 at.%>, the resistivity increases from 0.1 
to 0.001 n cm and the temperature coefficient (50° to 
ISOOC) changes from - 1500 to +500 ppm/oC. Near­
zero temperature coefficients occur at about 27 nt.% 
Cr; the film resistivity is 3100,.n cm for films sput­
tered at 2.5 kV and 7400 ,.n cm for films de­
posited at 1.0 kV. Films deposited at a cathode p0.­

tential of 1.0-1.25 kV have a more positive tempera­
ture coefficient for the same resistivity than films 
sputtered at 2.0-2.5 kV. Electron-transmission micro­
graphs showed the latter films to have a coarse slruc­
turc-due cither to a larger grain size (150 J,. com­
pared to 50 A) or to a clumping of grains. 

All films were nearly amorphous. The only crystal­
line structure indentifi able by electron diffraction was 
chromium disilicide. The CrSi2 rings increase in in­
tensity and sharpness with increasing chromium con­
tent. Annealing of films at 55Q°C for 5 min in nitrogen 
also increa!!Cd the sharpness of the CrSi2 diffraction 
rings, and in general resulted in a dccrease in resistiv­
ity. 

The average stability of 1 to 25 kn/square SiCr 
resistors during ISOO-h life tests was ±O.5% after an 
initial 2OO-h aging period, during which the values 
increased 0.59'0 to 7%. The initial increase was IBM 
for films having an evaporated silicon overlnyer de­
posited prior to resistor etching. The life tests were 
made at 200°C, no load , and 125°C at 50 V dc. 
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Silicon-Chromium Electron-Beam-Deposited Resistive 

Films 

Robert K. Waits 

The resislit'ily, lemperaillre coehicicnl of resis­
Imlct!, slabilily 01 ZOO·C, (DId slruclure of mmealed 
Si-Cr filllls have been silldied as ajmlclion oj jilm 
compositioll. Colorimetric allalyses oj Iile jil",s in­
dicaled ZO 10 60 It'I pcl Cr over Ihe resistivity rmlge 
oj 1/010-< oJ/m-cm. Resistors u'ere delinea/ed by 
photolWlographic etciting, cOlltacted Il' iIIl aluminum. 
ami '''Olmted ill TO-5 packages. The average temper­
alure coefficielll oj resistmlce, cr, belu'cen 50· alld 
l SO"C is relaled empi rically 10 IhefUm resislit·ity, p, 
by (J (ppm per°e)" -Z9OO - 1140 log p (ohm-cm). 
Near a resistil'ily of 3.5 x 10- 1 ohm-cm (30 01. pcl Cr). 
Ihe temperaillre coelficicnl dUlI/ges from posilil'e to 
negatit'e. The lemperalw'e at which Ille resistallce 
maximllm occ/lrs increases u:ilh decreasing resis­
tit'jt)'. The conductio" mechanism betu'ee" -lyf{" WId 
+36U·C appears 10 Iwt'e two components-all activaled 
conduction dominalillC 01 low chromium cOllle"t mId 
higher temperaiures alld a iinearly lemperalure­
dependent cOlltiuclion dominatlllg 01 high chromium 
cOlllent and low temperatures. ElectrOIl diffractioll 
pallenls sllou:ed lite films to col/sisl of CrsSi alld 
amorpllous siliCQI/. Resis/ors thicker 111011 I50A 
iypically drifled less tllo" 0.6 pel after 5000 hr stor­
age al ZOd'C. Resistors as thi" as approximately BOA 
Ihal lIad a silicon ot'erltryer sllO/ced similar stabili/y. 
Suc" films hod sllcet resislil'ilies of 10 kiloilln pe'r 
sqllure alld lemperalllre coefficienls Ilear -600 PP'" 
per ·C. 

T HIN- FILM resistors having sheet resistivities 
greater than I kilohm per square are required In many 
integrated circuit applications. A process for produc­
ing such resistors should be compatible with present 
circuit fabrication and packagIng, including exposure to 
maximum temperatures of 3000 to 570°C during contact 
alloying, die-attach, and ceramic package sealing. In 
addition. the resistors should have a low temperature 
coefficient of resistance and change less than 1 pet 
during storage at temperatures up to 200· C for 1000 
hr or longer. 

Reports of work beginning In 1949 at Battelle 
Memorial Institute indicated that, among other ma­
terials, the slllcides of chromium, Cr-Co, mOlybdenum, 
tantalum, and tungsten were worthy of further study as 
high-stability resistive films. Later work on Si-Cr 
lHms vacuum-deposited by nash evaporation from a 
tungsten boat I led to the conclusion that SI-Cr had 
"excellent properties [or development into hlgh-

ROBERt K. WAITS il Senior EngiMer, Fairchild Semiconduc­
tor Research one! Dev.lopmenl loborolory, Polo Alto, Calif. 
Thil work wos spomor..d in port by Ihe Air Force Avionic, lob­
or%ry, Reworen ond Technology Division, Air Force Sy1olem, 
Command, United Sioies Air Forc. , 

Thi, monuJCripl, wbmilled on Seplember 1, 1967, was bo$t!d 
on a lalk pr.senled 01 Ihe IMD Electronic MOI.riol, Conference 
on Augusl 28-30, 1967, in New Yone City. 
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stability ... reSistive elements". More recently, SI- Cr 
rums have been vacuum- deposited from a tantalum 
boat, ' from a BeO-coated tantalum boot,3 by Clash 
evaporation from an electron-beam-heated tungsten 
source, t a nd by triode sputtering, ~ 

This paper describes a study of Si-Cr films vacuum­
depoSited by electron-beam heating of Si-Cr alloys. 
Resistivity, temperature coefficient of resistance, 
stabllily at 200· C, and structure were studied as a 
function of film composition. 

EXPERIMENTAL PROCEDURE 

Film Deposition. SI-Cr sources were prepared by 
vacuum-melting pressed pellets of mixtures of pow­
dered chromIum (99.9 pet, -100 mesh, Lunex Co., 
Pleasant Valley, Iowa) and silicon (99.99 pct, -325 
mesh, United Mineral and Chemical Co., New York). 
A permanent-magnet focused electron-beam gun hav­
Ing a water-cooled copper crucible was used to heat 
lhe pellet until complete melting occurred, The mix­
ture was then kept molten for an additional 5 min. 
The alloy thus formed was used as the source ma­
terial for Si- Cr film depositions using the same elec­
tron-beam gun. PIeces of semiconductor-grade sili­
con Ingots were used as sources for silicon depositions. 
The films were depoSited within a standard vacuum 
evaporator having an 18-ln.-dlam Pyrex bell jar, a 
liquld-nitrogen-cooled trap, and a Consolidated Vacuum 
Corp. 6-ln. dlrfusion pump containing Dow Corning 
DC-705 pump nuld. The substrates were thermally 
oxidized - si1icon wafers 2 to 2.5 cm In diam. The 

'Sl"., 12OO"C, 2 h.r, aboul l.S,.. oxide. 

wafers were cleaned prior to deposition by a I-min 
dip in a chromium trioxide-sulfuric acid solution 
followed by a deionized water rinse. The substrate 
holder was radiantly heated by tantalum filaments. 
The temperature during deposition was 300~C as in­
dicated by a chromel-aJumel thermocouple on the sur­
Cace of the substrate holder. The wafers were held 
in contact with the substrate holder by lnconel-X alloy 
clips. Two source-lo-substrate distances were used, 
28 and 43 cm. The pressure during the depositions 
was typically 4 to 6 x to-I Torr: the background pres­
sure was a decade lower. 

The depOSition rate and thickness were monitored 
by a quartz-crystal oscillator. Deposition rates 
ranged from 0.3 to 22A per sec for Si-Cr and from 
2 to 8A per sec for silicon. During a run the deposi­
tion rate was kept relatively constant by manual con­
trol of the electron-beam current. A frequency 
cQ.:mter was used to monitor rates less than lA per sec. 

A 2.5-cm-sq glass microscope slide was Included 
in each run and the film thickness determined by mul­
tiple-beam interferometry .e Film thicknesses meas­
ured on an Oxidized, mechanically polished siUcon 
wafer and on a glass slide agreed within the accuracy 
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of measurement for a 1000.1. film. Silicon wafers were 
not used as thickness monitor slides, however, since 
their roughness prevented accurate measurement of 
fringe displacement for thinner films. 

Resistor Fabrication. Mter depOSition, the wafers 
were masked with Kodak Thin Film Resist. The Si- Cr 
film, including siUcon overlayer when present, was 
etched with a mixture of concentrated phosphoric, ni­
tric, and hydrolluorlc acids (60- 5-1 by volume). Etch 
rates were 10 to 151. per sec. The photoresist was 
then removed and 0.5 to 0.6 $<1m of aluminum was 
vacuum-deposited over the etched resistor pattern. 
The aluminum was then masked and etched to deline­
ate the resistor contact pattern. The resistor and 
contact pattern are shown in Fig. 1. The pattern con­
Sists of eight resistors, each 50 $<1m wide (0.002 in.) 
and from 3 to 24 squares in area. The aluminum con­
tacts overlap the resistor by 50 lAm at each end of the 
resistor providing a contact area of 2500 sq $<1m (4 sq 
mil ). For a Single array, if the measured resistor 
value Is plotted against resistor length (no. of squares) , 
a straight Une results that crosses the resistance axis 
at the contact resistance value. An erratic contact re­
sistance causes scatter In the points. Thus, It is pos­
sible to determine easily the presence or absence of 
nonnegligible contact resIstance. In any case, the slope 
of the Hne gives the sheet resIstance directly in ohms 
per square. Negligible contact resistance was achieved 
by heating at 550G to 565°C in nitrogen for 2 to 10 min. 
This treatment also alUlealed the resistive film and 
stabUized the resistor value against further change 
during storage at 200· C. The film resistivity in ohm­
cm was taken as the product of the sheet resistance 
after annealing and the rum thickness. In all cases, 
" film resistivity" refers to the resistivity alter an­
nealing. Mter annealing, the wafers were diced, the 
dice were optically sorted to remove damaged resis­
tors , and ten to fifteen randomly chosen dice were 
mounted on TO- 5 headers. The aluminum contact pads 
were connected to the header posts with ultrasonically 
bonded 25-$lm- (0.001-in. ) diam aluminum wire. The 
units were then vacuum-baked for 2 to 3 hr at 300"C 
and sealed under nitrogen. Only the 10 square resistor 
in each array was connected. 

Resistance-Temperature Measurements. The aver­
age temperature coerflclent of reSistance, a , between 
50° and 15O"C was calculated using the relation: 

a (ppm per °C)· ;; 10·(~: - 1) 

where RI Is the resistor value at SO"C and R t is the 
value at 150"C. Resistance-temperature measure­
ments were also made for some films at -196"C 
(liquid nitrogen). at - l15"C (liquid nitrogen-ethyl al­
cohol ), at 25"C intervals from - 73" to -+200°C in a 
liquid carbon dJoxide cooled temperature chamber, 
and at 300" and 360"C in an oil bath. Resistances were 
measured using a OJ.bic Corp. Model 041 digital 
ohmmeter. 

RESULTS AND DISCUSSION 

CompoSition and Resistivity. The reSistivity of 
films evaporated from SI-Cr sources prepared as de-
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scribed above depended on source composition as 
shown in Fig. 2. Even where the deposition rates from 
a given source were identical, the resistivity could 
vary from run to run by as much as a factor of two. 
The s1licon/ chromium ratio in the evaporant depends 
on the source temperature (unless the mixture va­
porizes congruently) and reproducing the rate does 
not guarantee reproducing the temperature unless the 
evaporating area and geometry remain the same. 
These factors depend on the source size and place­
ment, area of focused electron beam. and so forth. 

A series of films from 1500 to 2000A thick, weigh­
ing 400 to 1400 $<Ig, was analyzed colorimetrically for 
chromium. Up to about 30 wt pet Cr the films had 
nearly the same composition 3S the source. The de­
position rates were between 1.1 and 1.6.1. per sec. 
Above 30 wt pet Cr the films contained more chro­
mium than the source. The deposition rates were 
lower (0.70 to LOA per sec) but the power input and 
the estimated source brightness temperature were 
greater. These results are shown In Fig. 3. 

The resistivity of 1500 to 2000A-thlck films vs 
atomic percent chromium Is shown In Fig. 4. Film 
resistivity increases rapidly for lilms containing less 
than 10 at. pct Cr. These data, expressed as conduc­
tivities, are shown In Fig. 5, compared with the elec­
trical conductivity curve as determined by Nikitin1 

for the ordered 51- Cr system. 
Films containing between 5 and 25 at. pct Cr were 

round to react with the evaporated aluminum contacts 
during the 550" to 565"C annealing process to produce 
a low-reSiStivity phase that migrated from the alumi­
num contact pad Into the resistor area for a distance 
of 10 to 50 lAm. (A similar reaction occurred between 
aluminum contacts and pure slUcon lilms deposited at 
temperatures below 3OO"C. ) This contact reaction 
could be prevented by overcoatlng the Si- Cr lilm with 

ALUMINUM 
CONTACT 

Fig. I-Reststor nrray: resistors nre &0 I'm wide and 3 to 24 
squares long. 
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about 1200A of silicon deposited at 300°C during the 
same pumpdown or in a subsequent deposition. This 
two-layer film was masked and etched in the same 
manner as a single-layer film. During the annealing 
process at 550° to 565DC, the aluminum rapidly dif­
fused through, or reacted with, the overlying silicon 
to make ohmic contact to the underlying resistive 
fIlm. No contact spreading occurred and any remain­
ing contact resistance was negligible. A cross section 
of the contact area of a 51- Cr resistor having a sil.icon 
overlayer Is diagramed In Fig. 6. 

Resistance vs Temperature. Resistance-tempera­
ture measurements were made between - 196" and 
... 300 'C for two groups of resistors: 1) 10- 1 to 10- 5 

ohm-cm films greater than OOOA thick, and 2) 0.0028 
to 0.0051 ohm-cm films less than 300,( thick. Films 
100,( thick or Jess had a silicon overlayer. The thick 
films exhibited a permanent change of less than :to.15 
pet during the temperature cycle except for the 0.2 
ohm-cm film whi ch changed +0.35 pct. Three of the 
thin films decreased 0.5 to 0.7 pet and two (Nos. 88 
and 38 ) changed less than 0.05 pct. Data for the two 
g roups of fIlms are listed In Tables I and II.' Plots 

'For ",nalS -..d 38. the .000rce .... bat'.te diatuce wa. 28 c .. : for the 
Olhe. ni na .. a ted. the _rce-... ba t< ate d ial. nee w .. 43 c •. 

of log r esistivity vs r eciprocal temperature for the 
thick films and one film from group 2 are shown in 
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Figs. 7 and 8. The fUm thicknesses (ft.) and a be­
tween set and lSOoC (ppm per DC) are indicated on 
the curves. For films greater than 0.05 ohm-cm (15 
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at. pct Cr) the log P vs 1/T curves, Fig. 8 , have a 
positive curvature (i.e., the slope decreases as 1/T 
increases) as though some type of activated conduc­
tion mechanism were dOminating such that the activa­
tion energy increases with temperature. Typical 
calculated activation energies are 0.003 ev at - l SOoC 
and 0.06 ev at 33(tC. Silicon CIIms deposited and 
measured under similar conditions had a linear 
log p vs l / T characteristic corresponding to a con­
stant activation energy of 0.62 to 0.63 ev. Logp vs tiT 
curves for 0.005 to 0.01 ohm-cm films (22 to 25 at. 
pct Cr) are almost linear below _25°C corresponding 
to an activation energy of 10- 4 ev, Fig. 7. 
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In the Intermediate resistivity range, 0.001 to 
0.004 ohm-crn (27 to 34 at. pct Cr), where a changes 
s ign, a resIstivity maximum occurs at the inversion 
temperature. For the thin films listed In Table 11, a 
plot of P vs T near the maximum is symmetrical, 
Fig. 9, and corresponds to the empirical parabolic 
relation: 

P/ Pi = l -A(T - T j)2 

whe re A'" 1.1 x lO- e, T i Is the inversion tempera­
ture, Pt is the resistivity maximum, and P Is the 
resiStivity at any temperature T where T - Ti l is 
less than lSOoC. Run 105 (0.0027 ohm-cm) had a re­
sistance maximum at about 250°C and was the only 
thick film that had an observed inverSion. The P vs 
T curve Is also symmetrical about T t and the above 
relation true for IT - T ( less than 100°C and 
A"" 2.7 x lO- e. 
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• 
5000-10 000 A AI 

• 
1200 A S i--::.;;;;;;;;;:;;;!:::r 
I OO A SiCr-

Si Oz SUB STRATE 

Fig. 6---Crou section of contact area of St-Cr resistor with 
s ilicon overlayer. 
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For thick films having resistivities less than 10. 4 

ohm-em, the high-temperature portion of the resis­
tivity-temperature curve becomes linear with tern· 
perature. As IncUcated in Table I t the lower the re­
sistivity, the lower the temperature at which p va T 
becomes linear. For films containing over 50 at. pet 
Cr, the resistance Is linear from - 196" to +20ifc. At 
temperatures above the linear range, the P VB T 
curves have a decreaSIng slope. 

A plot or the temperature coefficient of resistance 
between 50" and IWe, at VB film reSiStivity" p, is 
shown in Fig. 10. For films thicker than 5OOA, a and 
p are related empirically by: a (ppmiC) = - 2900 
- 1140 log p (ohm-em), (indicated by the solid line In 
Fig. 10). For rums thinner than 200A , the intercept 
in the above relation Is -2960, with the slope remain­
ing the same. Near a resistivity of 3.5 x 10- 3 ohm-cm 
(-27 at. pet Cr). 0 changes from to negative. 

Conduction Replica 
and alter 

annealing show a very fine-grained structure with little 
discernible change occurring during the heat treat­
ment. 

Electron dHlraction patterns of rums deposited at 
300°C were obtained before and after annealing at 
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Fig. 7-Log re,lstlvlty vs l iT for SI-Cr film,; the film thlck­
neu.n and the temperature coefficient, (50" to 150" C) are 
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550°C for 5 min. Belore annealing. dilluse silicon dif­
fraction rings indicate that almost amorphous silicon 
is present up to about 33 at. pct Cr, at which compo­
sition Cr,81 rings appear. The Cr,8i lines increase in 
sharpness with increasing chromium content. An­
nealed samples show Cr,81 rings at 10 at. pet Cr, in­
creasing in sharpness to about 33 at. pct Cr. No lines 
corresponding to other sillcides or to chromium were 
detected. Typical diffraction patterns are shown in 
Fig. 11. The Cr,sl rings begin to disappear in the an­
nealed Cilms at about the same composition at which 
the lIlm resistivity startS increasing rapidly. Cr,8i 
has a positive temperature coefficient characteristic 
of a metallic conductor, and a positive Hall coefficient, 
indicating predominantly hole conductivity. a The re-
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ported resistivity of Cr,si ranges from 227 to 35:i 5 
microhm-em. I,' The lower value is probably more re­
liable since conductivity maxima occur at stoichio­
metric compositions in the Si-Cr system, Fig. 5, and 
impurities also tend to decrease the conductivity. It 
seems probable that CrsSi is the dominant conducting 
component In annealed Si-Cr films containing between 
10 and 50 at. pet Cr. CrsSi also has been reported to 
be a major conductive component in annealed Cr-SiO 
fllms.'o 

Below 25 at. pet Cr (25 vol pct Cr,Si) activated con­
duction occurs, suggesting that the CrsSi is dispersed 
within an amorphous silicon medium and that the con­
duction mechanism may be similar to that for discon­
tinuous thin metal films. The intermediate range of 
29 to 38 vol pct Cr,sl, where the temperature coeffi­
cient inversion occurs, may be analogous to island 
coalescence in thin films. For a CrsSi content greater 
than 60 vol pct, where the conduction Is predominantly 
metalHc, the chromium silicide phase probably forms 
connected paths. These effects are more clear-cut at 
low temperatures. SInce the sizes and distribution of 
the conducting particles arc unknown, no quantitative 
theory is possible. The analogy between conduction in 
heterogeneous fIlms and thin discontinuous films has 
been suggested previously with regard to Cr_SIO'o and 
Au-Si02

11 cermet films. 
It has also been suggested '2 that conduction in thin 

discontinuous metallic lilms could be represented by a 
Unear combination of two terms: one lor activated 
conduction- (negative temperature coefficient) and a 

·PropoRd .ft:h.,i •• 01 KI;wllte<l c ... duction ia IIUII fiI •• b."" beeo 
re1'i" .. ed by Neu~b_ -.d 1'11_." 

second lor metallJc conduction (positive temperature 
coefficient) : 

P '" P (activated) + p (metallic) 

This implies thnt the conduction mechanisms act as 
though they are in serIes. This assumption leads to 
the prediction of a minimum in resistance at the in­
version temperature where the dominant mechanism 
shHts from activated to metallic conduction.12,14 This 
minimum has been observed for thin gold and platinum 
films. I) 
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If one assumes that activated and metallic conduction 
mechanisms act In parallel, i.e.: 

1 1 1 
P = P (activated) + p (metallic) 

then a maximum in resistance Is predicted at the in­
version temperature. 14 Resistance maxima have been 
observed in thin chromium fllmsu where the resis­
tivity is dominated by impurities, probably oxides, in-

p, 

,., 
Fig. II-Electron dHfracUon patlems of SI-Cr mma befon'! 
(top) and after (bottom) annea.!!ng at 550"C for 5 min: 
i:I) aUlcon, 12 It. pet Cr, 850.1. thick; (b) ailicon, 44 It. pet Cr 
1100.1. thick. • 



troduced during the depoSition process. For such 
films the mean free path of the conduction electrons 
was found to be less than 30,1. and was not affected by 
film thickness. This is also probably the case for the 
SI-Cr films descrJbed here. This Is consistent with 
the Cact Ihat the relation between 0' and p is not sensi­
tive to film thickness COr films thinner than 200,t 

An equation having two terms, one Cor activated con­
duction with a single activation energy and a second 
for metallic: conduction linear with temperature, did 
not fit the Si-Cr data for either series or parallel 
combinations ot the two terms. 

Resistor Stability. Canned resistors were stored 
at 200

6 c and their room-temperature reSistance meas­
ured at Intervals up to SOOO hr. All resistors had 
been annealed at 5SO° to 565°C lor 2 to 10 min prior 
to diCing and canning. Resistor stability was inde­
pendent of thickness tor 0. 1 to 0.2 ohm-cm films be­
tween 400 and 2000,"-

A silicon over layer Improved the stability of thin 
resistive films as shown In Fig. 12. Three split runs 
were represented, having a resistive film thickness 
of 130 to 280,1., with a sillcon overlayer of 1200 to 
1700A on half the units from each run. The film re­
sistivities were 0.005 to 0.01 ohm-cm and the sheet 
resistances were 2 to 10 kohm per sq. The change 
alter 5000 hr was 0.2 to 0.3 pct tor the resistors with 
a silicon overlayer and about 0.5 pct for those with­
out the overlayer. The measurement uncertainty was 
about 0.1 pet. The resistive film deposition rates 
were 2 to l1A per sec. 

The pet change vs time at Intervals up to 5000 hr Is 
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s hown in Fig. 13 Cor three runs (forty-three units) , 80 
to 130). thick, having a 1000 to 1300A silicon over­
layer, and a sheet resistance of 6 to 7 kohm per sq . 
The de»Osition rate for the resistive films was about 
0 .4.4. per sec. The resistor values decreased during 
the first 24 hr: thereafter they increased but changed 
little between 200 and 2000 hr. 

No load-UCe tests were made since these resistors 
were studied lor possible application in low-power 
digital and linear integrated circuits, where each re-
sistor would less than 20 IlW of »Ower. 

As indicated by 
of sheet 

resIstance by electron-beam was not dem­
onstrated. Reproducibility could probably be achieved 
by adequate control of the source temperature, or by 
an alternate deposition technique such as sputtering. 
Resistors In the range of 7 to 10 kohm per sq having a 
silicon over layer have been successfully fabricated on 
the same chip wlth high-B, low- power transistors. 

CONCLUSIONS 

Si-Cr tIlms show promise as stable (200°C storage) 
reSistive elements having sheet resistances from 100 
ohm per sq up to 10 kohm per sq and temperature co­
elficlents between +600 and - 600 ppm per °c. Tem­
perature coefficients of EIOO ppm per °c can be ob­
taIned in the sheet resistance range of 250 ohm per 
sq to 3.5 kohm per sq. The average temperature co­
etrlclent 01 reSistance, 0, between 50" and lSOoC Is 
related empirically to the tIlm reSiStivity, p, by 
II (ppm per - C) --2900- 1140 logp (oh m- cm). Near 
a resistivity of 3.5 x 10- ' ohm-cm (30 at. pet Cr), the 
temperature coefficient changes from positive to nega­
tive. The temperature at which the reSistance maxi­
mum occurs increases with decreasing reSistivity. 
Electron dltrractlon patterns showed the films to 
consist of Cr,51 and amorphous silicon. ReSistors 
thicker than ISO). typically drHted less than 0.6 pct 
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Fig. 13-Resl.tor .tabl1l1y vs storage time at 200"C. Resistor 
rHm thlckncn 80 to 130A , silicon o\'erlayer thickness 1000 to 
130M, film reslstlvlly 5 to 8 x 10-S ohm-cm (5 to 7 kohm per 
square). Three runs, forty-three unll.ll. 
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after 5000 hr storage at 200°C. Resistors as thin as 
approximately BoA that had a siHcon over layer showed 
simUar stability. Such films had sheet resistivities of 
10 kohm per sq and temperature coefficients near 
- 600 ppm per °C. 
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Interferometer Jig for Film Thickness 
Measurement 
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T I lE thickness of thin films is often measured bv 
Tolansky multiple beam interferometry.l Tolansky 

described a. simple jig that can be used to bring the Fizeau 
plate into the proper relationship with the object being 
measured. This t)1>C of jig, having three adjustment 
screws, rt.'quires experience and a certain degree of skill in 
order to achie\'e the desired fringe spacing and alignment 
with rtSJX....:t to the thin-film step. 
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llG. L Interien'meler jilC, approximately * sule. 

~ I oditications of the Tolansky design employing three 
diITC'renlial screws have been described by Gould and Pick: 
and by Klute and Fajan:lo.1 Both jigs allow alignment of 
the fringes in IIny direClion, and arc better suited to micro· 
topographic studies than to routine thin-film thickness 
measurements. 

An interferometer jig for thkkness measurements has 
been dl-signed, ha\·ing a single adjustment nut, that auto­
matically achievcs the proper wedge angle between the 
Fizeau plate and the thin-film substrate (Fig. 1). The jig 
is used with a Bausch and Lomb microscope fitted with a 
Leitz sodium·vapor microstopc illuminator and an 
American Optical Ilolaroid camera adapter. 

The main parts of the jig are machined from aluminum 
alloy, except for the brass base and knurled brass adjusting 
nut. The knurled nut turns on a partially threaded post 
that supports a fixed lOp plate. Turning the nut raises and 
lowers the post and top plale; the bottom of the post slides 
within a hole in the bmss base. The substrate platform is 
supported on the top plate by thrt!e weak helical springs 
(one centered n('ar the front and two in the rear) and two 
pivots (front and rear edge) that allow the platfonn to tilt 
slightly in any diTl-<:tion. The rear pivot point can be raised 
or lowered by a 2·56 ~t !'t(rell' .. \djusting this screw deter· 
mines the initial (ma\imum) wedge an~le formed between 
the Fizeau plate and the sub-.trate. This tilt adjustment i" 
required only after initial assembly of the jig. Rotation of 
the platform during rai:-ing or lowering is pre\'ented by a 
pointed nylon :.;crcw running in a \··shaped key slot in the 
threaded ~t. 

A 2.5X t.3 lm Fii'.cau p!J.l(· is attached to the removable, 
C·shaped holder with two narrow strips of double·sided 
masking tape. The silver('I]thin-lilm !'.ubstmte is placed on 
the platform with the sU:p to be measured at right angles 
to the front edge of the Fizeau plate. The knurled nut is 
then rotated to raise the su~trate toward the Fizeau 
plate. Because of the !llight tilt or the platform with rcsp(.'ct 
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to the Fizeau plate, initial contact is made at the front edge 
of the plate. The single pivots at the front and rear of the 
platform allow automatic alignment of thc front edge or 
the Fi?.eau plate with the substrate. At this point, after 
initial assembly, the tilt adjusting set screw is positioned 
to give thc minimum desired fringc spacing. Further rot:l.­
lion of the knurled nut reduces the wedge angle and in­
creases the fringe spacing. SLiIl further rotation brings the 
fizeau platc imo completc contact with the substrate and 
thc platfonn moves downward againslthc support springs, 
minimizing damage to the Fizeau plate and substrate. In 
many instances, a small Fizeau plate would be advantage­
ous, and could be accommodated by modifying the Fizeau 
plate holder. 

Sote that the tilt adjusting set screw dctermines thc 

minimum fringe spacing achicved when the Fizeau platc 
first makes conlact with the substrate. During thickness 
measurement, the opLimum fringe separation is adjusted 
by means of the knurh:d nut. A 5 em diam nut having a 
1-20 thread gives adequate conlrol over the wedge angle; 
a differential screw adjustment was found to be 
unnecessary. 

An inexperienced person can learn to use the jig with one 
lesson, and subsequent sample alignments take only a 
minute or IwO. 

I am grateful to J. F. Campbell, Jr., and R. K. Waits for 
their encouragement and advice. 
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